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Crystallization kineticsThe addition of sucrose behenate for the modiﬁcation of the physical properties of soft fats, such as soy-
bean oil-based interesteriﬁed fat, reﬁned palm oil, and palm mid fraction was studied. The addition of
sucrose behenate was veriﬁed to affect the crystalline network of fats, changing the hardness and solids
proﬁle. The isothermal crystallization behaviors of the fat blends with 1% sucrose behenate were ana-
lyzed at 20 and 25 C. Temperature had a greater effect on the speed of crystallization (k) than the pres-
ence of the emulsiﬁer. Sucrose behenate did, however, inﬂuence the crystallization mechanism, with
changes observed in the Avrami exponent (n). These changes were also observed in the microstructure
of the fats. Changes in the polymorphic behavior were observed with the addition of sucrose behenate,
such as a possible delay in the a? b transition for interesteriﬁed fat, and the initial formation of the b
polymorph in palm oil.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
With the increase in the incidence of health issues related to
trans fatty acids, the substitution of partially hydrogenated fats
by palm oil and its fractions, or by fats obtained by interesteriﬁca-
tion, has been progressively attracting attention from the industry.
Interesteriﬁed fats have been the main candidate for substitution,
as they typically have excellent plasticity and low levels of trans
isomers. In some cases, trans isomers are even absent in the inter-
esteriﬁed fats (Ribeiro, Grimaldi, Gioielli, & Gonçalves, 2009).
Currently, palm oil and its fractions are normally used as ingredi-
ents in shortenings due to their ease of availability, physical char-
acteristics, and competitive prices (Nor Aini & Miskandar, 2007).
However, these alternatives should fulﬁll the same functions as
the product that contains the unwanted trans fats (Graef,
Foubert, Smith, Cain, & Dewettinck, 2007).
Considering the expansion of this substitution process, count-
less problems have arisen with the crystallization behavior of the
fats due to inadequate new fatty fractions. These include problems
such as undesired polymorphic transitions, oil exudation, fat
bloom development, crystalline agglomerate formation, as well
as the presence of fatty bases with maximum solid fat contents
or induction periods that are incompatible with certain industrial
applications. Characteristics of the fats, such as spreading,hardness, and sensation in the mouth, are highly dependent on
the structure formed by the network of fat crystals (Marangoni,
2002).
Shortenings are technically fats, generally containing added
emulsiﬁers, known for giving desirable textural properties to the
products (Zhang et al., 2014). Therefore, a study on the effect of
the addition of emulsiﬁers to these fatty bases is important, as
there is a need to make adequate solutions available for industri-
ally relevant processes involving crystallization and stabilization
of raw materials. It is known that sucrose esters have high poten-
tial as modiﬁers for fat crystallization. However, only the esters
from palmitic or stearic acids have been tested to date. Thus, this
study proposes the use of sucrose behenate as a modiﬁer of the
physical properties of the soft fats such as soybean oil-based inter-
esteriﬁed fats, palm oil, and palm mid fraction.2. Materials and methods
2.1. Materials
Reﬁned palm oil (PO), supplied by Agropalma (Brazil), palmmid
fraction (PMF), supplied by Fuji Oil Co. (Japan), and interesteriﬁed
fat were used in the study. For the production of the interesteriﬁed
fat (IF), 70% soybean oil, acquired from a local market, and 30%
completely hydrogenated soybean oil, supplied by Triângulo
Alimentos (Brazil) were used. The powder emulsiﬁer, sucrose
behenate (B-370), with a hydrophilic–lipophilic balance (HLB) of
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and 1% (m/m) of the emulsiﬁer was added to the soft fats.
2.2. Methods
2.2.1. Sample preparation
The fats were heated until complete melting. Afterwards, three
fat blends were prepared by adding 1% emulsiﬁer (m/m) to the soft
fats, namely, IF + 1% B-370, PO + 1% B-370, and PMF + 1% B-370.
Then, blends were homogenized until complete melting of the
sucrose behenate, as determined by visual observation.
2.2.2. Fatty acid composition
The fatty acid compositions were analyzed using the American
Oil Chemists’ Society (AOCS) Ce 2-66 method by employing a cap-
illary gas chromatograph (CGC AGILENT 6850 Series GC system)
with an auto sampler and ﬂame ionization detector (FID) (AOCS,
2009). The fatty acid methyl esters were separated according to
the method of Hartman and Lago (1973) using a capillary column
(DB-23 AGILENT; 50% cyanopropylmethylpolysiloxane, 60 m long,
0.25 mm internal diameter, 0.25 lm thick ﬁlm). The analysis con-
ditions were as follows: oven temperature: 110 C/5 min, 110–
215 C (5 C/min), 215 C/24 min; detector temperature: 280 C;
injector temperature: 250 C; carrier gas: helium, split ratio 1:50;
injection volume: 1 lL. The qualitative composition was deter-
mined by comparing the peak retention times measured for the
samples with those of the respective standards for the fatty acids.
The iodine values were calculated based on the fatty acid compo-
sitions, according to the AOCS ofﬁcial method (Cd 1c-85). The anal-
yses were performed in triplicate.
2.2.3. Triacylglycerol composition
The triacylglycerol composition was analyzed according to the
AOCS Ce 5-86 method (AOCS, 2009) using a gas chromatograph
(GC CGC AGILENT 6850 Series GC) system and a capillary column
(DB-17 HT AGILENT; 50% phenylmethylpolysiloxane, 15 m long,
0.25 mm internal diameter, 0.15 mm ﬁlm thickness). The analysis
conditions were as follows: split ratio 1:100; column temperature:
250 C programmed up to 350 C at a rate of 5 C/min, carrier gas:
helium at a ﬂow rate of 1 mL/min; injector temperature: 360 C;
detector temperature: 375 C; injection volume: 1 lL; sample con-
centration: 100 mg/5 mL of tetrahydrofuran. The triacylglycerol
groups were identiﬁed by comparing the measured retention times
with those reported by Antoniosi Filho, Mendes, and Lanças (1995).
The analyses were performed in triplicate.
2.2.4. Solid fat content (SFC) and crystallization kinetics
The solid fat contents were determined using nuclear magnetic
resonance (NMR) spectrometry (Bruker Minispec PC120) and a
TCON 2000 high precision dry bath (0–70 C) (Duratech, USA).
Two methods were used to obtain the SFC of the given fats and
their blends with 1% B-360:
(1) According to the AOCS method Cd 16b-93 (AOCS, 2009).
Sample readings were obtained as a function of temperature
at intervals of 5 C in the range of 10–50 C. Three replicates
of each sample were analyzed.
(2) Isothermally as a function of time. The samples were melted
at 70 C until complete destruction of their crystalline his-
tory. The SFC readings as a function of isothermal crystalliza-
tion time were recorded by the equipment software at least
10 min after achieving a sustained plateau in the measure-
ments or until to complete 120 min, under isothermal condi-
tions at 20 and 25 C. The samples were analyzed in
triplicate. The crystallization kinetics were characterized in
terms of the induction period (tSFC), maximum solid fatcontent (SFCmax), and stabilization time for crystallization
(tsc). The non-linear Avrami equation, employed for the crys-
tallization study is given by:SFC ¼ SFCmax 1 ekt
n
 
;
where SFC is the solid fat content, SFCmax is the maximum
limit for solid fat content, k is the Avrami constant (minn),
which considers nucleation and crystal growth, and n is the
Avrami exponent, which is related to the growth mechanism
of the crystals (Marangoni, 1998). The crystallization half
time t1/2 expresses the magnitude of the values of k and n,
in accordance with the following equation:
t1=2 ¼ ð0:693=KÞ1=n:2.2.5. Hardness
Hardness values were determined using a PC-controlled texture
analyzer (TA-XT2i; Stable Micro Systems, Godalming, England).
The samples were heated in an oven at 70 C to completely melt
the crystals, and were stored in 50 mL beakers. Subsequently, the
samples were conditioned in an incubator at 5 C for 24 h to stabi-
lize fat crystallization, and then for 24 h at the test temperatures of
20 and 25 C. A plexiglas 45 angle cone with a non-truncated tip
was used as the probe. The tests were performed under the follow-
ing conditions: distance: 10 mm; speed: 2 mm/s; time: 5 s. The
analyses were performed in triplicate for each sample (Rodrigues,
Gioielli, & Anton, 2003). The penetration data were obtained in
Newton (N) and considered to be the hardness of the samples.2.2.6. Microstructure
The microstructure of the samples was determined using polar-
ized light microscopy (PLM). The samples were melted at 70 C in
an oven. With the aid of a capillary tube, a drop of sample was
placed on a preheated slide at a controlled temperature (similar
to the temperature used to melt the crystals), and covered with a
cover slip. The slides were prepared in duplicate and the samples
were allowed to crystallize on the slides at 20 and 25 C in an oven
for 2 and 24 h, respectively. The crystal morphology was evaluated
using a polarized light microscope (Olympus, model BX51, Tokyo,
Japan) coupled with a digital video camera (Media Cybernetics,
model MicroPublisher 5.0 Mpixel). The slides were placed on the
heating plate support, and maintained at the same temperature
used for crystallization. Images were captured by the software
Image-Pro Plus (Media Cybernetics; version 7.01) using polarized
light at 40 magniﬁcation. Three replicates of each sample were
prepared on glass slides, and three visual ﬁelds on each slide were
selected for analysis. However, only one was chosen to show the
crystals. For analysis, we have considered all of the crystals on a
scale from 0 to 100.000 lm. The number and mean diameter of
the crystals was selected as the parameters for quantitative analy-
sis of the images in the Image Pro-Plus software.2.2.7. Polymorphism and X-ray diffraction
The polymorphic form of the fat crystals was determined via
X-ray diffraction according to the AOCS Cj 2-95 method (AOCS,
2009). The analyses were performed using a Philips (PW 1710)
diffractometer using the Bragg–Brentano geometry (H:2H) with
Cu-Ka radiation (k: 1.54056 Å, voltage: 40 kV, current: 30 mA).
Step sizes of 0.02 (2H scale) and an acquisition time of 2 s were
utilized in the scanning range 15–27 (2H scale). The samples
were melted at 70 C and maintained at 20 C for 24 h in an oven
for stabilization (Schenck & Peschar, 2004; Yap, deMan, & deMan,
1989).
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Statistical analyses were performed using the analysis of vari-
ance (ANOVA). Signiﬁcant differences were determined by
Tukey’s test at p < 0.05 using Statistica 8.0 (Statsoft, USA).3. Results and discussion
3.1. Chemical composition
Oleic and linoleic acids were the main unsaturated fatty acids
present in the three fats. The interesteriﬁed fat showed the highest
levels of unsaturated fatty acids, and monosaturated (SUU) and tri-
unsaturated (UUU) triacylglycerides (TAGs), followed by palm oil.
On the other hand, the palmmid fraction exhibited a lower amount
of SUU and UUU TAGs (Table 1). SUU and UUU TAGs represent the
liquid phase of fat, implying that the interesteriﬁed fats contained
the greatest proportion of the liquid phase. The SFC depends on
TAGs composition, thus the percentage of saturated TAGs is also
very important. As shown on Table 1, the interesteriﬁed fat has
the lowest amount of SSS TAGs of the three samples, the smaller
this quantity, the smoother the fat.3.2. Effect of sucrose behenate on the solids proﬁle and hardness of the
fats
The proﬁles of solids of the interesteriﬁed fat, palm oil, and
palm mid fraction, and their blends with sucrose behenate are
shown in Fig. 1a. There were no changes in the solids proﬁles with
the incorporation of the emulsiﬁer in the palm mid fraction.
Between 10 C and 25 C, the presence of sucrose behenate
increased slightly palm oil solids. On the other hand, the recrystal-
lization process observed in the interesteriﬁed fat between 15 C
and 25 C, was prevented by the presence of sucrose behenate.
The emulsiﬁer also contributed to increase the solids proﬁle of
the interesteriﬁed fat.
The emulsiﬁers associate with the TAGs through their
hydrophobic groups, speciﬁcally through acyl–acyl interactions.
The acyl groups of the emulsiﬁers determine their function with
respect to the TAG. The additives largely exert their effect on the
fat crystals during the nucleation, polymorphic transformation,
and crystal growth stages. These effects alter the physical proper-
ties of the fat, such as its crystal size, solid fat content, and crys-
talline arrangement (Katsuragi, 1999). Although sucrose esters, in
this case sucrose behenate, are sparingly soluble in the liquid med-
ium, due as much to the large molecular structure of sucrose as to
the size of the acyl chain (C22:0), the role of sucrose behenate as an
impurity could justify the fact that it has the greatest effect on the
solid fat contents of the fats with high liquid phase contents
(Garbolino, Bartoccini, & Flöter, 2005; Garti & Yano, 2001).
Miskandar et al. also veriﬁed that a larger liquid phase content in
the fat guarantees a greater effect from the emulsiﬁer on the solid
content (Miskandar, Che Man, Abdul Rahman, Nor Aini, & Yusoff,
2007).Table 1
Amount of unsaturated fatty acids and triacylglycerols SUU + UUU and SSS of the
industrial fats.
Fat
sample
Unsaturated fatty acids
(%)
TAGs SUU + UUU
(%)
TAGs SSS (%)
IF 59.24 ± 0.21 57.46 ± 0.35 9.22 ± 0.33
PO 49.78 ± 0.03 43.59 ± 0.15 16.61 ± 0.42
PMF 45.56 ± 0.02 33.64 ± 0.20 15.77 ± 0.01
IF (interesteriﬁed fat); PO (palm oil); PMF (palm mid fraction); SSS (trisaturated);
SUU (monosaturated); UUU (triunsaturated).Fig. 1b shows the hardness of the industrial fats and their mix-
tures with sucrose behenate at 20 and 25 C. At 20 C, the addition
of sucrose behenate increased the hardness of palm oil (from
1.30 ± 0.07 to 4.13 ± 0.18 N) and of the palm mid fractions (from
13.77 ± 1.08 to 25.34 ± 0.90 N), while for the interesteriﬁed fats, a
small reduction was observed (from 3.12 ± 0.19 to 2.25 ± 1.03 N).
At 25 C, palm oil showed the smaller hardness (0.31 ± 0.03 N),
although it has a solid content similar to interesteriﬁed fat and
to PMF. Palm oil containing sucrose behenate showed a hardness
of 1.39 ± 0.21 N at 25 C, indicating an almost ﬁvefold increase in
the hardness of the palm oil. On the other hand, a slighter differ-
ence in hardness was observed when sucrose behenate was added
to the interesteriﬁed fat (from 1.0 ± 0.02 to 1.15 ± 0.11 N), indicat-
ing that, despite contributing to the change in the solid fat content,
sucrose behenate did not change the hardness of the interesteriﬁed
fat, which maintained its softness. Interestingly, the addition of
sucrose behenate caused a large increase in the hardness of the
palmmid fraction at 25 C, although no effect on their solid fat con-
tent was observed. These results can be explained from the differ-
ent crystal network morphologies formed by the addition of
sucrose behenate, as shall be seen later.
3.3. Effect of sucrose behenate on the crystallization kinetics
For comparing with the results of the hardness analysis, the
crystallization kinetics of all the samples was analyzed under
two isothermal conditions, namely at 20 and 25 C. Fig. 2 shows
the crystallization behavior of the samples. At 20 C the addition
of sucrose behenate inﬂuenced the crystallization behavior of all
the fats. We observe from Fig. 2a that the addition of emulsiﬁer
induced a higher slope in the crystallization curve, for both inter-
esteriﬁed fat and palm oil, the emulsiﬁer addition induced a higher
slope in the curve, reducing the maximum SFC, but accelerating
induction time. However, the greatest change was observed when
sucrose behenate was added to the palm mid fraction, where the
crystallization curve showed a higher solid content and slope in
crystallization curve.
On the other hand, changes were less visible in the crystalliza-
tion behavior of the fats when the temperature was increased to
25 C (Fig. 2b). At this temperature, the interesteriﬁed fat and palm
oil containing sucrose behenate showed a lower induction time as
was observed in the isotherm at 20 C. For the palm mid fraction,
no crystallization was detected after 120 min, even with the addi-
tion of the emulsiﬁer. Sucrose esters are known to delay the crys-
tallization of some fats. According to Martini, Puppo, Hartel, and
Herrera (2002), who used the sucrose esters of palmitate and stea-
rate (P-1670, P-170, S-170) in a study on the fat crystallization in
milk, the addition of P-1670 delayed crystallization at 40 C, but
had no effect at lower temperatures. At 35 C, S-170 delayed crys-
tallization to a lesser degree than P-170 due to a lower amount of
stearic acid in the milk fat, but neither of the emulsiﬁers showed
any effects at lower temperatures. In this study, the opposite effect
was found. The effects of adding sucrose behenate were more evi-
dent at 20 C than at 25 C, however, the emulsiﬁer promoted crys-
tallization in both temperatures.
The crystallization kinetics was characterized by ﬁtting the
Avrami equation to the crystallization data by means of
non-linear regression. The data ﬁt well to the equation with corre-
lation coefﬁcients greater than 0.92. The Avrami constant (k),
Avrami exponent (n), and crystallization half time (t1/2) were
determined from the ﬁtted curves and are shown in Fig. 2.
For isothermal crystallization at 20 C, the addition of sucrose
behenate accelerated the crystallization of the interesteriﬁed fat,
affording a k value higher than that obtained without the addition
of the emulsiﬁer. At this temperature, it was possible to observe
the crystallization of the palm mid fraction containing sucrose
Fig. 1. (a) Solid fat content and (b) hardness values of the interesteriﬁed fat, palm oil, and palm mid fraction and their corresponding blends with 1% sucrose behenate (B-
370). ( ) IF and ( ) IF + 1% B-370, ( ) PO and ( ) PO + 1% B-370, ( ) PMF and ( ) PMF + 1% B-370.
Temperature 20 °C
Samples tSFC (min) SFCmáx (%) k.10-3 (min-n) n t1/2 (min) R2
IF 7 14.57±0.43a 38.05±0.07a 1.00±0.04a 20.00±1.69a 0.94
IF+1% B-370 6 14.32±0.34a 74.00±3.85b 0.80±0.04a 17,68±0.92a 0.92
PO 13 16.84±0.08b 0.41±0.40c 2.87±0.83b 27.28±0.13b 0.99
PO+1% B-370 6 14.81±0.20a 0.60±0.05c 2.33±0.03c 20.90±0.05c 0.99
PMF 120 0.67±0.13c - - - -
PMF+1% B-370 31 11.25±0.01d 0.06±0.01c 2.59±0.35d 59.57±1.83d 0.93
Temperature 25 °C
Samples tSFC (min) SFCmáx (%) k.10-3 (min-n) n t1/2 (min) R2
IF 9 10.45±0.16a 12.00±1.00a 1.53±0.02a 14.28±0.28a 0.98
IF+1% B-370 4 10.84±0.14a 12.80±1.00a 1.56±0.01a 13.29±0.25b 0.98
PO 46 8.94±0.14b 0.0002±0.0000b 3.71±0.00b 55.82±5.38b 0.98
PO+1% B-370 43 9.16±0.17a 0.0008±0.0000b 3.53±0.21b 55.97±5.94b 0.98
PMF 120 0.55±0.07c - - - -
PMF+1% B-370 120 1.44±0.07c - - - -
(a)
(b)
Fig. 2. Isothermal crystallization and Avrami parameters of the fats and their corresponding blends with 1% B-370 at (a) 20 C and (b) 25 C. Means followed by the same
letter in the column do not differ statistically from each other (p < 0.05) by Tukey’s test. ( ) IF and ( ) IF + 1% B-370, ( ) PO and ( ) PO + 1% B-370, ( ) PMF and ( ) PMF + 1%
B-370.
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Table 2
Number and mean diameter of the crystals of the industrial fats and their blends with
1% sucrose behenate.
Samples 20 C/2 h 25 C/24 h
Crystals
number
Mean
diameter
(lm)
Crystals
number
Mean diameter
(lm)
IF 13833 ± 3280a 4.53 ± 0.49a 780 ± 60a 40.41 ± 1.80a
IF + 1% B-
370
10803 ± 432a 5.63 ± 0.47a 863 ± 120a 6.19 ± 0.33b
PO 3763 ± 126b 10.24 ± 0.39b 687 ± 0.6b 116.28 ± 27.77c
PO + 1% B-
370
12055 ± 328a 6.95 ± 0.82c 651 ± 1.5b 32.19 ± 5.34a
PMF 4681 ± 2280b 5.28 ± 0.47a 575 ± 60b 31.27 ± 11.05a
PMF + 1%
B-370
5077 ± 31b 6.02 ± 0.35c 944 ± 51a 26.07 ± 2.86a
IF (interesteriﬁed fat); PO (palm oil); PMF (palm mid fraction); B-370 (sucrose
behenate).
Means followed by the same letter in the column do not differ statistically from
each other (p < 0.05) by Tukey’s test.
976 M.A.F. Domingues et al. / Food Chemistry 192 (2016) 972–978behenate by ﬁtting the data to the Avrami model. For the palm oil,
even with the addition of the emulsiﬁer resulted in a low k value,
indicating that sucrose behenate inﬂuenced slightly its crystalliza-
tion. The Avrami constant, k, which indicates the speed of the crys-
tallization process, decreased with increase in temperature. At
25 C, no differences in the k values were observed for the samples
with or without sucrose behenate. According to Miskandar et al.
(2007), the action of an emulsiﬁer in promoting or retarding oil
and fat crystallization depends on various factors. Katsuragi
(1999) suggested that similar acyl groups in the emulsiﬁer and
oil or fat promote crystallization, while different acyl groups delay
the development of crystals.
The temperature inﬂuenced the k value to a greater degree than
did the addition of the emulsiﬁer. However, the Avrami exponent,
n, is a better indicator of this change since it is sensitive to both the
nucleation mechanism and the dimensionality of the growth
(Sharples, 1996). We observed that at 20 C, the n value for the
interesteriﬁed fat was lower upon the addition of sucrose behen-
ate. The fractioned exponents correlate with very speciﬁc growth
mechanisms. In these cases, an exponent of approximately 0.5
could indicate the formation of precipitates on a defective crys-
talline structure (Christian, 2002; Wright, Hartel, Narine, &
Marangoni, 2000). The formation of crystalline precipitates could
have contributed to the reduced n value of the interesteriﬁed fat
with added sucrose behenate, in the same way that it decreased
the t1/2. However, it could be said that interesteriﬁed fat, both with
and without sucrose behenate exhibited an instantaneous
nucleation process with the formation of many small
crystals (Litwinenko, Singh, & Marangoni, 2004), suggesting
single-dimensional crystalline growth. On the other hand, the palm
mid fraction, as well as palm oil with sucrose behenate exhibited n
values between 2.3 and 2.8, which could be considered to be
caused by spherulitic growth in more than one dimension and with
high nucleation speed (Martini et al., 2002; Wright et al., 2000).
It can be observed in Fig. 2 that, according to the Avrami anal-
ysis, two different crystallization mechanisms were observed for
the two temperatures. When the samples were analyzed at 25 C,
crystallization was not observed for the palm mid fraction with
or without sucrose behenate. Palm oil with and without sucrose
behenate showed an n value very close and both indicated a spo-
radic nucleation process with a multidimensional growth mecha-
nism (Litwinenko, Rojas, Gerschenson, & Marangoni, 2002; Singh,
Bertoli, Rousset, & Marangoni, 2004). Consistent with this result,
the values of t1/2 were also high. The n values for the interesteriﬁed
fat samples were greater at 25 C than those obtained at 20 C, but
the addition of sucrose behenate contributed to a slightly higher n
value. However, since the maximum solid content was lower at
25 C, the t1/2 was much longer than those observed at 20 C.
3.4. Effect of sucrose behenate on the microstructure of fats
From Table 2 and Fig. 3, it is observed that the addition of
sucrose behenate resulted in some changes to the characteristics
of the microstructure of each fat. The incorporation of sucrose
behenate in the interesteriﬁed fat and palm mid fraction resulted
in a larger crystal diameter (6.0 lm). One explanation for this
effect would be the instantaneous nucleation shown by these sam-
ples, i.e., the faster formation of crystalline nuclei, while to palm oil
the addition of sucrose behenate resulted in the reduction of the
crystal diameter (from 10 lm to 6.0 lm). Puppo, Martini,
Hartel, and Herrera (2002) observed that the addition of sucrose
esters to milk fat caused a decrease in the size of the crystals and
this resulted in a lower hardness in the samples. The relationship
between hardness and microstructure could be deduced through
the crystal network organization. Samples with distribution and
size of the crystals more homogeneous will provide greaterresistance than heterogeneous samples. In this case the mechanical
strength is more related to interaction strength between
microstructural components of fat (Campos, Narine, &
Marangoni, 2002). The effect of sucrose behenate on the size of
the crystals formed in the different fats indicates that the emulsi-
ﬁer co-crystallized with the fat, interfering with its crystallization
properties. Martini et al. (2002) presented results on the effect of
the addition of P-170 and S-170 on the crystallization of milk fat
mixed with sunﬂower oil. Although the addition of these sucrose
esters reduced the size of the crystals, it also delayed nucleation.
No study to date has used sucrose behenate as a modiﬁer for fat
crystallization.
Fig. 3 shows the images of the microstructure of the fats at 20
and 25 C. At 20 C, greater crystal uniformity and size were
observed in palm oil after the addition of sucrose behenate.
However, for the interesteriﬁed fat, some crystalline nuclei of
greater diameter, spread out in a thin network of small crystals,
were observed. The greatest change in the organization of the crys-
talline network was observed in the palm mid fraction containing
sucrose behenate, where the presence of the liquid phase was well
distributed over the entire network.
Thus, the addition of sucrose behenate altered the spatial distri-
bution of the crystals in the crystalline network of the fats, and
suggested that the crystallization mechanisms previously men-
tioned are in agreement with the microstructures of the fats and
their blends with sucrose behenate.3.5. Effect of sucrose behenate on the polymorphic behavior of the fats
Fig. 4 shows the polymorphic behavior of the industrial fats and
their blends with sucrose behenate at 20 C and 25 C. We
observed that the addition of sucrose behenate only slightly
altered the polymorphic behavior of the fats in both temperatures.
Sucrose behenate was able to decrease the presence of the b poly-
morph in the interesteriﬁed fat, indicating a delay in the a? b
transition. On the other hand, the presence of sucrose behenate
in palm oil promoted the formation of the b0 polymorph at 20 C,
while there were no great differences observed when sucrose
behenate was added to the palm mid fraction. The interesteriﬁed
fat crystallized more rapidly than palm oil in the presence of
sucrose behenate. Considering that the nucleation of the less stable
polymorphic forms occurs more rapidly (Sato & Kuroda, 1987), this
result would be in accordance with that observed for the crystal-
lization kinetics in the fats (20 C and 25 C). Sakamoto, Maruo,
Kuriyama, Kouno, Ueno, and Sato (2003) added 1% behenic acid
Fig. 3. PLM of fats and their corresponding blends with 1% B-370 at 20 C/2 h (A series) and 25 C/24 h (B series). (A1, B1) interesteriﬁed fat; (A2, B2) interesteriﬁed fat + 1% B-
370; (A3, B3) palm oil; (A4, B4) palm oil + 1% B-370; (A5, B5) PMF, and (A6, B6) PMF + 1% B-370. The bar represents 200 lm.
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Fig. 4. Diffractograms of the interesteriﬁed fat, palm oil, and palmmid fraction ( ) and their blends with 1% sucrose behenate (B-370) ( ) stabilized at 20 C (A series) and at
25 C (B series). (A1) and (B1) IF; (A2) and (B2) IF + 1%B-370; (A3) and (B3) PO; (A4) and (B4) PO + 1%B-370, (A5) and (B5) PMF; (A6) and (B6) PMF + 1%B-370.
M.A.F. Domingues et al. / Food Chemistry 192 (2016) 972–978 977polyglycerol esters to palm oil and these emulsiﬁers promoted the
formation of stable b0 crystals. According to the authors, this was
due to the greater melting point of the emulsiﬁers, which preferen-
tially crystallized and induced the heterogeneous nucleation of
palm oil. Due to possessing similar characteristics, palm oil and
palm mid fraction containing sucrose behenate exhibited diffrac-
tion patterns that were close from those observed by Sakamoto
et al. (2003). At 25 C the addition of sucrose behenate to palm
oil inﬂuenced the initial formation of b crystals. On the other hand,
at 25 C the interesteriﬁed fat maintained the same tendency todelay a? b transition. In the literature, the other sucrose esters
exhibit tendency to crystallize to b0 (Cerdeira et al., 2005;
Huck-Iriart, Candal, & Herrera, 2009).
4. Conclusions
The addition of sucrose behenate modiﬁed the liquid phase of
the soft fats used in this study. The effect of the emulsiﬁer on the
solid proﬁle was proportional to the quantity of the liquid phase
of each fat, with greater changes observed in the interesteriﬁed
978 M.A.F. Domingues et al. / Food Chemistry 192 (2016) 972–978fat. Sucrose behenate was also able to modify the hardness of the
fats, providing them greater thermal resistance. In this case, palm
oil and palm mid fraction showed greater hardness values with
the addition of sucrose behenate, while for the interesteriﬁed fat,
the hardness was greater only at 25 C. The results indicated that
sucrose behenate inﬂuenced the crystallization kinetics in the fats
only at 20 C, but did not cause any differences at 25 C. The addi-
tion of sucrose behenate caused large differences in the structure
of the crystalline network of the fats. At 20 and 25 C the polymor-
phic differences caused by the presence of sucrose behenate indi-
cated a delay in the a? b transition for the interesteriﬁed fat. At
25 C, it was observed the initial formation of b crystals in palm
oil, while no change was observed in the polymorphic behavior
of palm mid fraction in both temperatures.Acknowledgments
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